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SUMMARY 


An analysis is made of the loss of efficiency 
associated with a heated-air thermal 'de-icing propeller 
both with and without internal flow. For the available 
data, measured efficiency losses are compared with the 
calculated losses and the agreement is found to be within 
the experimental accuracy of the data. The method pre- 
sented may be used with reasonable accuracy to determine 
the net change in propeller efficiency due to the com- 
bined effects of the nozzle and internal flow if the 
characteristics of the propeller without nozzles are 
known. 


INTRODUCTION 


The problem of ice removal from an aircraft propeller 
in flight has been partly solved by each of several 
methods of propeller de-icing. These methods include 
the application of anti-icing pastes to the propeller 
blades, the dissolution of ice by alcohol or antifreeze 
fed to the blades by slinger ring and boots, the melting 
of ice from the blades by the use of electrically heated 
boots, and the melting of ice from the blades by heated- 
air thermal de-icing. By the last-mentioned method, 
which is particularly applicable to hollow metal blades, 
air is ducted from the free stream, heated either in a 
heat exchanger or by direct combustion, and passed 
through a gland into the rotating propeller where the 
heated internal flow heats and de-ices the propeller 
blades. The internal flow moves radially through the 
hollow blades and is discarded through nozzles at the 
blade tips into the propeller slipstream. All of these 
de-icing schemes entail some loss of propeller efficiency. 
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The efficiency losses associated with heated-air 
thermal de-icing were measured in tests of a two-blade 
hollow steel propeller in the Langley l 6 -f oot high-speed 
tunnel. The primary purpose of the tests was to make a 
quick determination of the efficiency loss due to internal 
air flow. Because the temperature of the internal air 
flow was assumed to have little effect on the efficiency 
changes, the experimental propeller was made as simple 
as possible by dispensing with heat exchangers and by 
having the entire internal-flow system, inlet, ducts, 
and exit nozzles built into the propeller hub and blades. 
The results of the tests made with unheated internal flow 
are reported in reference 1. It is the purpose of this 
paper to attempt to express simply the efficiency loss 
as a function of the parameters which govern propeller 
operation and the internal air flow. The derived equa- 
tions are correlated with the data presented in refer- 
ence 1 . 

The change in propeller efficiency associated with 
heated- air thermal de-icing can be attributed to two 
effects; namely, the effect of the tip nozzle on the air- 
foil characteristics of the blade sections in the vicinity 
of the nozzle, and the effect of the internal flow on the 
power absorbed and the net thrust produced by the propel- 
ler. A complete theoretical evaluation of the efficiency 
change due to either of these effects is so involved as 
to be impractical. The magnitude of the efficiency . 
changes, however, can be estimated with reasonable accuracy 
by introducing simplifying assumptions. 

APPARATUS 


A description of the dynamometer, propeller, and 
other apparatus used in the Langley 16-foot high-speed- 
tunnel tests of a thermal de-icing propeller is given 
in reference 1. A diagram of the internal-flow system 
tested in reference 1 and considered herein is given in 
figure 1 of this paper. A description of the apparatus 
is confined to the following list of propeller dimensions 
needed for use in applying the derived equations; 

Number of blades .. . ................. 2 

Propeller diameter, feet . 12.208 

Total nozzle exit area (2 blades), square foot . O.OO 903 
Radial location of center of nozzle 

(x = O. 95 ) , feet . . , . . . . , . . , . . . . . 5.80 
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ANALYSIS 

Effect of Nozzle Drag on Propeller Efficiency 


Assumptions . - The problem of estimating the effect 
on propeller efficiency of a nozzle built into the blade 
tip can be approached most simply by assuming that only 
the drag of the blade sections in the region of the 
nozzle is affected. Although a chord-wise section through 
the nozzle may have very poor lift and drag character- 
istics as an isolated airfoil, the same section used as 
a limited s panwise portion of an extensive airfoil will 
operate with approximately the same lift as the adjacent 
unaltered sections. The section drag, however, will be 
increased* This assumption is made in order that the 
derived equations may apply particularly to propellers 
to which nozzles are added at the very trailing edge of 
the blades. 


Derivation . - Assume that the presence of a nozzle 
(without flow) creates an isolated drag on the propeller 
blade at radius r. Designate the total drag for all of 
the nozzles Djj. The drag acts in the direction of the 
.resultant air velocity and may be resolved into two 
components, one a component of torque force in the plane 
of rotation, and the other a component of negative thrust. 
A diagram of the forces and velocities is given in fig- 
ure 2. The nozzle drag reduces the propeller efficiency 
by increasing the power and reducing the thrust. The 
induced power loss, which is associated with blade sec- 
tion lift, is assumed not to change. If the propeller 
characteristics are known for the propeller without 
nozzles, the efficiency change due to the effect of 
nozzle drag on thrust and power can be expressed by 
differentiating the efficiency equation and treating the 
differentials as finite increments. 

The symbols used in this paper are defined when 
they are introduced; a complete list of symbols is given 
in appendix A. 

The efficiency equation is 



U) 
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Differentiation gives 



3,1 = t a ° T ' t d0p 



4,1 = t iC T - £ * C P 

(2) 

where 



C rp 

thrust coefficient 


C P 

power coefficient 


r\ 

propeller efficiency 


J 

advance ratio 



The nozzle drag acting at radius 

r is 


D N = 2 Pi2a N G D n 

(3) 

where 



c h 

% 

nozzle external drag coefficient 
nozzle exit area 

based on the total 

W 

resultant air velocity 


P 

air density, slugs per cubic foot 


Because the induced velocity at the propeller blade con- 
tributes only a very small component to the true resultant 
velocity, the resultant velocity can be evaluated with 
good accuracy as the vector sum of the forward velocity V 
and the rotational velocity as shown in figure 2 


W = v^TrnDx) 2 + V 2 

(it) 
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where 

D propeller diameter 

n propeller rotational speed 

x fraction of propeller tip radius 

The component of the nozzle drag acting as negative thrust 
is 



where AT is the increment in propeller thrust. By use 
of equations (J) and ( ip ) , this equation becomes 


AT = -| P A n C % V V(irnDx ) 2 + V 2 
and in coefficient form is 

AC T 3 -~2 "IT J V^rx) 2 + J 2 (5) 

The component of the nozzle drag which creates torque is 
AQ _ /tfnDx\ 

T ~ d nITw ~) 

AQ = ri.pA.yC-p, ( TrnDx ) y^wn Dx) 2 + V 2 
2 11 •L'u 

AP = 2TrnAQ 

AP = pn 5 D^ — ^ Gj) (rrx) 2 /(ttx ) 2 + J 2 
2D N 

AC? = ~ ~ (rrx) 2 v^x) 2 + J 2 


( 6 ) 
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where 

Q torque, foot-pounds 

P power, foot-pounds per second 

When the expressions for the Increments of thrust 
and power coefficients (equations (5) and ( 6 )) are 
substituted into equation (2), the efficiency loss due 
to nozzle drag is evaluated 


-A„ °D, 


AT1 = 7 ~ ~~2 ~ 2 ~ J ‘/( TT ^) 2 + J 2 

C p 


- Jl 1 (rrx) 2 v /(ttx) 2 + 3 C 

Cd p- 2 


M = .il i + j 


D 2 2 C P 


2 2 
1 1 T ■ 


( TTx ) 2 + i- 
h 


( 7 ) 


Application . - Equation (7) indicates that the effi- 
ciency loss due to propeller tip nozzle drag increases 
with increasing advance ratio and is directly propor- 
tional to the ratio of the efficiency to the power 
coefficient of the propeller without nozzles. For the 
thermal de-icing propeller of the present study, the 
power coefficient for maximum efficiency increased more 
rapidly with advance ratio than did the function of 
advance ratio (equation (7)) with the result that, at 
maximum efficiency, the loss due to the nozzles without 
flow decreased continuously within the range of advance 
ratio met in the tests. For want of better nozzle-drag 
data, the nozzle-drag coefficient was assumed to be the 
same as that for a flat plate and the efficiency loss 
due to the nozzles without internal flow was computed. 
The values of advance ratio, power coefficient, and 
efficiency at. peak efficiency for the normal propeller 
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were taken from figures 13 and II4. of reference 1 and are 
listed in table I with the computed and measured values 
of efficiency loss. The efficiency loss due to the 
nozzles without internal flow is also shown in figure 3 
as a function of advance ratio. The trend with advance 
ratio of the measured loss is similar to that indicated 
in equation (7). 

The foregoing computations were for operation at 
peak efficiency. The efficiency loss due to the nozzles 
without internal flow for any condition of operation 
should not be much different from that shown in figure 3* 
The most common conditions of propeller operation are 
at values of advance ratio less than that for peak effi- 
ciency: in this range the power coefficient is increased 

and equation (7) indicates that the efficiency loss is 
less than for operation at peak efficiency. Of less 
interest is operation at values of advance ratio greater 
than the values for peak efficiency for which both the 
power coefficient and the efficiency decrease with 
increasing advance ratio, with the result that the effi- 
ciency loss is seldom much greater than that shown in 
figure 3 and is generally less. 


Effect of Internal Flow on 
Propeller Efficiency 

Assumptions . - The same approach is used in esti- 
m. a ting the effect of the internal flow on the efficiency 
of a heated-air thermal de-icing propeller as was 
followed in estimating the effect of the nozzle drag 
alone. The motion of the internal flow through the 
propeller is accompanied by finite changes to the pro- 
peller thrust and power from which the efficiency change 
can be computed. There are four increments of thrust 
and power associated with the internal flow that affect 
the propeller efficiency. These increments are: (1) a 

negative thrust incurred by inducting the internal flow 
from the free-air stream and arresting its axial motion 
with respect to the propeller, (2) a power increase 
required for the centrifugal pumping of the internal 
flow by the propeller, (3) a positive thrust component 
of the jet reaction contingent upon the proper ejection 
of the internal flow through the tip nozzle, and ( if. ) an 
increment of useful power from the torque component of 
the jet reaction. 
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A discussion of the influence of the thermodynamic 
processes affecting the internal flow will be reserved 
for a subsequent section of this paper. It is con- 
ceivable that a small amount of engine shaft power can 
be dissipated from any propeller as heat. The tempera- 
ture rise of a body immersed in a high-speed air flow Is 
discussed In reference 2, which maintains that, because 
of complete arrest of the flow both at the stagnation 
point and in the boundary layer, the equilibrium tempera- 
ture of the entire body is the stagnation temperature. 

The various sections of a propeller blade operate at 
different airspeeds; the tip sections operate at the 
highest speed and the shank sections at the lowest. 
Consequently, a radial temperature gradient exists and 
causes a flow of heat from the blade tip to?„ r ard the shank. 
(See reference 3 .) As the shank becomes hotter than its 
stagnation temperature, it is cooled by the air flow. 

Thus, indirectly, a small amount of shaft energy supplied 
by the engine is dissipated through the propeller as 
he at . 


In the case of the heated-air thermal de-icing pro- 
peller, the external- flow temperature conditions are the 
same as for a normal propeller, and for ideal internal 
flow, the stagnation temperatures of air within the blade 
will be identical at all radii with, the external stagna- 
tion temperatures. This equality exists because the 
stagnation temoerature of the internal flow at the Inner 
surface of the blade is determined by the combined 
effects of. the free-stream velocity possessed by the 
internal flow before Its induction, and its radial 
velocity, manifest as total pressure rise, which is 
always equivalent to the tangential velocity. Hence, 
in the ideal case without heat transfer the total pres- 
sure of the internal flow at any radius equals that of 
the external flow; the internal and external stagnation 
temperatures are therefore equal, and the dissipation of 
engine power as heat is no greater for a heated-air 
thermal de-icing propeller than for a conventional pro- 
peller. The effect of the internal flow on the propeller 
efficiency is determined almost entirely by the exchange 
of mechanical energy between the internal flo?; and the 
propeller. 

Internal- flow induction, negative thrust . - The 
induction of the internal flow from the free-air stream 
into the propeller is accompanied by an inescapable 



MCA TE Eo. 1112 


9 


negative thrust proportional to the product of the 
internal mass flow and the change of axial velocity with 
respect to the propeller. This relation holds regard- 
less of the manner in which the air is taken from the 
free stream and ducted into the propeller. The processes 
involved in handling the internal air flow affect the 
total pressure of the internal flow which, as will be 
shown, affects the mass flow and the exit velocity but 
not the negative thrust. The negative thrust exerted 
by the internal air flow upon the propeller or airplane 
at induction is 


AT = -mV (8) 

where 

m internal mass flow, slugs per second 

V velocity of advance, feet per second 

By expressing the mass flow in coefficient form, equa- 
tion (8) becomes 


AT = -m Q pA^nDV 

Ay 

AC T =--|m c J (9) 

Tr 

where, by definition. 


m 


c 


m 

pAj xT nD 


Significance of mass-flow coefficient .- A simple 
interpretation of the mass-flow coefficient is that the 
coefficient expresses a relation of the velocity of flow 
from the nozzle to the rotational tip speed of the pro- 
peller. If the density of the internal flow at the 
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nozzle is equal to that of the atmosphere in which the 
propeller is operating, a. value of the mass -flow coeffi- 
cient equal to it indicates that the velocity of efflux 
from the nozzle is equal to the propeller rotational tip 
speed. The mass-flow coefficient could have been so 
defined as to equal unity or any other arbitrary value 
for the specified condition, but the definition given is 
in keeping with conventional propeller coefficients. 

Centrifugal pumping power .- Consideration of the 
motion of an unrestrained particle under the action of 
centrifugal force shows that at all times the tangential 
acceleration of the particle is equal to' the radial 
acceleration; velocity changes and the corresponding 
kinetic-energy changes resulting from the two accelera- 
tions must be equal. Energy per unit mass imparted to 
the particle by the tangential motion must always be 
kinetic energy equal to one-half the tangential velocity 
squared. Likewise, for an unrestrained particle, the 
kinetic energy due to the radial motion is equal to that 
for the tangential motion. In the case of fluid motion 
under centrifugal action, the particles composing the 
flow are usually partly restrained, and the energy, which 
for the individual particle was radial kinetic energy, 
will appear as a combination of kinetic energy, pressure 
energy, and {for a gas) heat due to compression. By the 
law of the conservation of energy, however, the total 
energy per slug of mass flow imparted by the propeller 
to the Internal flow at a point Immediately ahead of the 
tip nozzle Is equal to twice the kinetic energy due to 
the tangential velocity; that is 

p 

Energy per second = m(cor) 


where 

0) angular velocity, radians per second 

The energy per second is the centrifugal pumping power, 
which may be expressed as follows; 

2 

AP = m( rrnDx) 


( 10 ) 
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A more rigorous derivation of the relation expressed 
by equation (10) is given in reference If., which shows 
that, when shaft power is not dissipated as heat, the 
power required for a centrifugal blower depends only on 
the mass flow and the tangential velocity imparted to the 
flow. 


By expressing the mass flow in coefficient form, 
equation (10) may be rewritten 


O 

AP = m c pA^nD (irnDx) 


P 

AC p = — m c (irxr (11) 

Jr 


Equation (11) expresses the increment of power coeffi- 
cient required for pumping the internal flow through 
the propeller. 

The foregoing considerations of the effect of the 
internal flow on the thrust and power have shown the 
effects to be detrimental. The change of direction of 
the internal flow, moving with free-stream velocity, 
from an axial to a radial motion was shown to create 
the negative thrust expressed by equation (9)» The 
centrifugal pumping action of the hollow-blade propeller 
working on the internal flow was shown to increase the 
power absorbed by the propeller in an amount expressed 
by equation (11). Neither of these processes necessarily 
represents a complete loss because the energy involved 
is merely transferred to the internal flow. The negative 
thrust due to stopping the air cannot be avoided, but, 
with efficient diffusion and ducting, the air will retain 
its energy either as kinetic or pressure energy which can 
be reconverted into positive thrust on being ejected 
from the tip nozzle.- Likewise, the energy imparted to 
the internal flow in the centrifugal pumping process can 
be reconverted into power tending to drive the propeller. 

Tip-nozzle jet propulsion .- For simplicity, the 
analysis of the jet-propulsion effect of the propeller 
tip nozzle will be idealized as was the treatment of the 



12 


NACA TN No. 1112 


negative thrust and centrifugal pumping effects. The 
internal flow is assumed to move in a purely radial 
direction within the blade until it reaches the vicinity 
of the tip nozzle where it is turned through a right 
angle. In the ideal case, the internal flow is ejected 
from the blade through the tip nozzle in a direction 
normal to the radius and parallel to the resultant 
velocity of the external flow at the station of the tip 
nozzle. (See fig. Ij.. ) The foregoing assumption can be 
true for only one value of advance ratio for each blade 
angle, but for controllable-pitch propeller operation 
the direction of the internal-flow jet from the tip 
nozzle would never deviate more than a few degrees from 
the direction of the external resultant air flow. 

The reaction due to ejection of the internal flow 
from the tip nozzle is a force tentatively normal to 
the radius tending to drive the blade section at the 
nozzle along its helical path. In practice, the nozzle 
will hardly be completely effective in directing all of 
the internal flow downstream along the helical path. 

If means exist for estimating the nozzle effectiveness, 
here designated as e, the jet velocity can be 

multiplied by, this factor to yield a better estimate of 
the jet reaction than by merely assuming perfect nozzle 
effectiveness. The nozzle effectiveness is not jet 
efficiency but may be regarded mainly as the cosine of 
the acute angle between the mean direction of flow from 
the nozzle and, the helical path of the nozzle. Because 
the change of velocity of the internal flow with respect 
to the blade is the jet velocity, the force on the blade 
due to the jet reaction Pjj is the product of mass flow, 
jet velocity, and nozzle effectiveness; therefore. 


P N = mV H £ (12) 

Continuity of the mass flow must be preserved, hence the 
jet velocity can be expressed in terms of the mass flow, 
thus 
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If the mass flow in equation (12) is expressed in coeffi- 
cient form and equation ( 15 ) is used for the jet velocity, 
equation (12). becomes 


P H = P% (^) £m 0 2 (III.) 

The diagram (fig. it) shows that the component of 
the jet force, which acts as positive thrust, is 


AT 




(15) 


The substitution in equation (15) of equations (ip) 
and ( lip) for W and Fjt, respectively, results in the 
following expression for the positive thrust increment 


AT = PA n 



(nD ) 2 



V 



+ V 


2 


then 


ACfp 



( 16 ) 


The component of the jet force, which acts normal 
to the radius and in the plane of rotation to produce a 
driving torque, regarded as negative because propeller 
torque is positive, is 


AQ, = 


■F. 


N 


TrnDx 

W 
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i%en equations ( 4 ) and (II 4 .) are substituted for W and 
F^, respectively, the foregoing expression for torque 

increment becomes 


AQ = -PA 


N (4 


;) (nDV 


era. 


TrnDx 


VltrnDx ) 2 + V 2 


AP = -2-rrnAQ, 


AP 


-2TrnpA N ( n °) 


m r 


er 


TrnDx 


y ( trnDx ) 2 + V c 


AC p 



(ttx ) 2 

y'f'rrx ) 2 + J 2 


(17) 


Ne t thrus t i no r ement ♦ - The total effect of the 
internal flow on the thrust coefficient is the combined 
negative thrust incurred during induction and oositive 
thrust obtained at rejection, equations ( 9 ) and (l 6 ), 
respectively; thus 


ACm = -j (-§-) m c 2 e - — i 


m„- e J — - -j? m c J 


A N 

AC T “ ^2 m c J 






ViTTX ) 2 + J 2 


1 


(18) 
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Net power increment .- The total effect of the internal 
flow on the power coefficient is the net effect of the 
pumping power and of the propulsive power obtained from 
the tip Jet, expressed by equations (11) and (17). * 
respectively; therefore 



-I- (ttx ) 2 m c 
D d 




(trx ) 2 



+ J 


2 


A Op 


Tf 


2 (,,,2 
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Effect of Internal flow on efficiency .- The same 
procedure that was followed in the case of the nozzles 
without flow can be used to determine the effect of the 
internal flow on the propeller efficiency. The effi- 
ciency change due to the internal flow can be evaluated 
•by substituting the finite increments of thrust and power 
coefficient, equations ( l 8 ) and ( 19 )* into equation ( 2 ), 
thus 


J T} 

Aq = — AC T - 77^ ACp 


( Equation ( 2 ) ) 


Aq 


J % T 
7T -p m c J 

Op jf. 


(P\ 

W 


m c c 


yftrx ) 2 + j 2 


- 1 


- 7 ? 1 (rrx ) 2 m 


G P D 2 


' (1 


p \ rn c g 


■^N q 
AT1 = ^ 




m. c e 


■\/(Trx ) 2 + J 2 


- 1 


(ttx ) 2 + — 

q 


(20) 
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Equation (20) shows that the change of propeller 
efficiency associated with, the internal flow varies with 
mass flow coefficient, nozzle area, nozzle effectiveness, 
and density ratio, as well as with the usual propeller 
characteristics. Whether the efficiency changes repre- 
sent a loss depends upon the magnitude of the term 


.£. m o £ 

^ V^TTX ) 2 + J 2 


"hen no pressure is applied to the internal flow 
except the impact pressure due to airspeed and the cen- 
trifugal pressure due to propeller rotation, the fore- 
going term can never he greater than unity as can he 
shown by use of equation (27) and the definition of 
nozzle effectiveness. Hence the quantity in the first 
brackets of equation (20) must be negative and the 
efficiency change a loss. If pressure is applied to the 
internal flow by a pump or blower# the mass-flow coeffi- 
cient can be made sufficiently large to make the effi- 
ciency change calculated from equation (20) positive. 

This positive efficiency change would mean only that, 
due to the propulsive effect of the tip nozzles, the 
thrust-power output of the propeller had been increased; 
the net efficiency change, when the additional power 
supplied to the pump or blower is accounted for, would 
most likely still be negative (except in some cases 
when heat is added to the internal flow under pressure). 

Application . - The values of efficiency loss due to 

the internal .flow calculated from equation (20) are of 
the same order of magnitude as the loss indicated by the 
tests of reference 1. Values of advance ratio, power 
coefficient, and efficiency at maximum efficiency for 
the propeller with nozzles but without flow are listed 
in table II, corresponding values of mass-flow coeffi- 
cient and density ratio are listed for the propeller 
■with internal flow. The density ratio, which applies 
only to these data, was obtained by the procedure out- 
lined in appendix 3 and discussed in the section dealing 
with internal drag. Inasmuch as the flow traces at the 
nozzles observed at the termination of the tests indicated 
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some radial flow, a nozzle effectiveness of e - 0,75 was 
assumed. The computed and measured values of efficiency 
loss due to Internal flow are compared in table II and 
are shown graphically in figure (5)* 


Combined Losses 


The net loss of propeller efficiency associated 
with the internal air flow (unheated) can be expressed 
by the addition of the individual losses due to the 
nozzle drag and the internal flow, equations (7) and (20) 
thus 


AT) = 


n 


D 2 C P 


2 

(rrx) 2 + 


r 

m c 


ra c 6 

P N 

\ 

— X 




/( TTX ) ^ + J 2 



( 21 ) 


In table III the values of advance ratio, power 
coefficient, and efficiency at peak efficiency are listed 
for the normal propeller; and the values of mass-flow 
coefficient and density ratio (appendix b) are given for 
the propeller with internal flow. Also in table III the 
measured loss of efficiency due to the combined effect 
of the tip nozzles and internal flow is compared with the 
corresponding loss computed from equation ( 21 ); a graphi- 
cal comparison is given in figure o. 

Inasmuch as the net accuracy claimed for the measure 
ments of reference 1 is only +1 percent, the agreement of 
the calculated efficiency losses with the measured values 
shown in figures (3), ( 5) > and ( 6 ) is unexpectedly good. 
Only one measured value falls outside the limit of 
accuracy and most of the measured values are within a 
few tenths of a percent of the corresponding calculated 
value. Inasmuch as admission of the internal flow was 
expected to have caused a reduction of the nozzle drag, 
the good agreement of the calculated with the measured 
results may be due to a fortunate selection of the 
assumed values for nozzle-drag coefficient and for 
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nozzle effectiveness. The assumed values both of nozzle- 
drag coefficient (with internal flow) .and nozzle effec- 
tiveness are probably too large, but because their effects 
are compensating, the calculated efficiency loss agrees 
•well with the measured values. One encouraging indica- 
tion of the validity of the derived equations, however, 
is that in all cases the trend of the data follows that 
of the calculated curve? that is, the efficiency loss at 
peak efficiency associated with the nozzle drag and 
internal flow decreases with increasing advance ratio 
within the range of advance ratio of the tests. 


Internal Loss 

Assumptions . - Thus far in the discussion of the 
heated-air thermal de-icing propeller, energy losses in 
the internal flow have not been considered. Changes in 
the propeller thrust and power coefficients and effici- 
ency have been expressed conveniently in terms of the 
mass-flow coefficient. In the part of the analysis that 
follows, a relation between the internal mass-flow coef- 
ficient and the internal loss is developed. The deriva- 
tion is based entirely on kinetic-energy changes in the 
internal flow. The static pressure at the nozzle exit 
is assumed to be the same as that of the free-air stream. 
Compressibility of the air is not accounted for in the 
derivation because an accurate and consistent estimation 
of the static-pressure variation in the internal flow is 
not feasible. The assumptions upon which the derivation 
is based make the equation adaptable to use with the data 
presented in reference 1, in which density changes between 
the free-stream air and the internal flow at the nozzle 
were small because no heat was added to the internal flow. 
An attempt is made, however, to preserve the validity of 
the expression for cases which involve considerable 
density change by including in the equations the factor 
which expresses density ratio. The inclusion of the 
density-ratio factor is believed to make the incompres- 
sible flow equations good approximations for the cases 
in which heat is added to the internal flow or for the 
cases in which the internal pressure loss is converted 
to heat. 

Internal pressure loss .- For this analysis the 
internal loss is regarded as the combined resistance 
offered to the internal flow by the skin friction of 
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the Internal system; by turbulence introduced in the flow 
by abrupt turns, sharp corners, poor nozzle shape, and 
inefficient diffusion; and by changes in flow pattern 
with rotational speed typical of centrifugal blowers. 

One concept of the internal energy loss is that of an 
equivalent pressure loss acting on the volume flow at 
the nozzle, as 


Internal energy loss per second = APfA^Vjj 


An additional energy equal to the Vine tic energy of 
the internal flow at the nozzle leaves the system each 
second with the ejected internal flow. The net power 
required to move the internal flow is 


mV N 2 

Pr APfA^Vjj + - 


( 22 ) 


Pressure availabl e.- The pressure available for 
moving the internal flow through the propeller is derived 
from three sources: the impact pressure of the free-air 
stream, the centrifugal pumping pressure, and the aero- 
dynamic suction due to the low-pressure field surrounding 
the nozzle exterior. The pressure at the nozzle exit 
depends upon the location of the nozzle on the blade 
section and upon the angle of attack at which the section 
is operating. The effect of low pressure at the nozzle 
exit in moving the internal flow was found in the tests 
of reference 1 to be very small and will not be considered 
in this analysis. That is, the static pressure at the 
nozzle is assumed to be the atmospheric pressure in which 
the propeller is operating. 

If care is exercised in the induction of the internal 
flow, the kinetic energy of the free-air stream relative 
to the airplane can be made to furnish a part of the 
motive power for the internal flow. At a ooint upstream 
of the airplane the internal flow before its induction 
has a velocity V with respect to the airplane. The 
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kinetic energy per second entering with the internal 
flow, which can he used for pumping the flow through the 
internal system, is 


Energy per second - V 


2 


In the discussion of the power expended in pumping 
the internal flow through the propeller centrifugally, 
it was shown that one-half of the power appeared as an 
increase in the total pressure of the internal flow 
(with respect to the blade), from equation (10) 


Energy per second = ^ ( trnDx ) 2 


The net power available for moving the internal 
flow is 


P A = | [(irx) 2 + J 2 ] (nD) 2 (23) 


The power available can also be regarded as the product 
of volume flow at the nozzle and an equivalent pressure 
available 


P A “ 


a Vk v h 


By combining the two foregoing equations, the equivalent 
pressure available is expressed in terms of measurable 
quantities 


ip A 


m 


2 A h v n 


(ttx ) 2 + 


J 2 ^ 


(nD)' 
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or, by use of the definition of mass flow. 


Ap A = Y [(trx) 2 + J 2 ] (nD) 2 (2)+) 


Relation between Ap^, and m c ,- V(hen the motion of 

the internal flow reaches a steady state, the energies 
required, and available for maintaining the flow are in 
equilibrium and the expression for power required in 
equation (22) can be replaced by that for power available, 
equation (2J) ; thus 


or 


APfA-^V^ + 






(25) 


where 


q F ~ 2 P N V / 


The dynamic pressure at the nozzle may be expressed in 
terms of the mass-flow coefficient as 
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Upon substitution of this expression for q ^ into equa- 
tion (25 ) > the internal pressure loss is expressed in 
terms of nondimensional propeller parameters and a 
density ratio. 


APf 


q 


N 



[(trx)^ + J^j 



1 


(26) 


A regrouping of the terms in equation (26) provides a 
convenient relation between mass-flow coefficient and 
internal pressure loss 


m 

c 



(27) 


Throughout this analysis the internal pressure loss 
is expressed as a ratio to the dynamic pressure at the 
nozzle. Another relation that may be useful is the ratio 
of internal pressure loss to the pressure available, 
which for the equilibrium condition is shown by the 
following identity: 


Ap. f 

~ A 




+ 1 


(28) 


Determination of APf/q^ from bench tests.- A fore- 
knowledge of the value of the internal pressure loss for 
a blade and nozzle combination is useful for estimating 
probable efficiency losses to be encountered with a pro- 
nosed propeller design. Equation ( 26 ) provides a basis 



NACA TN No, 1112 


23 


for the experimental determination of the internal pres- 
sure loss from bench tests. A setup might be made in any 
of a number of ways, but a simple arrangement is to 
surround the tip nozzle or nozzles with a low-pressure 
chamber to Induce an internal flow through the propeller. 
A metering orifice at the entrance to the system, where 
total pressure is atmospheric, measures the impact pres- 
sure as the difference between atmospheric pressure and 
the static pressure p 0 in the orifice. Prom this 
measurement, with the atmospheric pressure and the 
metering- ori.fi ce area known, both the internal mass flow 
and the dynamic pressure q of the flow at the entrance 
can be calculated. The only other measurements needed 
are the static pressure and temperature at the nozzle, 
by which the density of the air at the nozzle may be 
determined, and the flow area at the nozzle Ajj. In 
this case the rotational speed is zero and equation ( 26 ) 
can be reduced to the form: 



(29) 


A procedure for calculating the internal mass flow from 
knowledge of the ratio of impact pressure to atmospheric 
pressure Ap/p a is given in reference 1; the relation 
between q/o a and Ap/o a is shown in figure 7 of the 
present paper. 

The ratio Ap^/qjj is not a true coefficient by 
which the internal pressure loss may be expressed. The 
ratio applies only to a given combination of propeller 
blade and tip nozzle and, for a given blade, will change 
when the nozzle area is changed. The ratio will also 
change math rotational speed unless proportionate changes 
occur in both internal pressure loss and dynamic pressure 
at the nozzle. 

Calculation of nozzle area .- If the condition of 
equilibrium between the power required and that available 
for moving the internal flow is again considered. 
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equation (22) can be used to obtain an expression for 
nozzle area 


A ? a AttV , t - ApfAifV « + 


mV 


N 


ANN y f N N T 2 


Ap A ~ Ap f = 


mV „ T -ft\ c 


N 


2% 2p A 2 


A N ~ ' ' 


m. 


(JO) 


2P N ( AP A ~ APf) 


•Alien the required mass flow and heat exchanged are 
known and when the internal pressure loss Apr has been 

estimated (bench tests), the density of the air at the 
nozzle can be calculated from the following equation, 
which is derived in appendix C; 


P N r 


P - 


1 + 


A p 

7?Scpt 

\ - % 

me t 


(3D 


where Hj is the rate (Btu per second) at which heat 

contained in the internal flow enters the propeller and 
Hj) the rate at which heat is dissipated through the 

propeller blade surface for de-icing. The pressure 
available can then be calculated from equation (2ii) and 
all quantities necessary for the calculation of nozzle 
area from equation (30) are known . Equation (30) 
furnishes a means for the calculation of the nozzle 
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area necessary for the rejection of a given Internal mass 
flow. By making the nozzle the section of greatest 
restriction in the Internal-flow system, velocities else- 
where in the system may be made as small as feasible and 
the internal losses may be reduced to the practical minimum. 
Because the pressure available is fixed by the operating 
conditions, the advantage of achieving a minimum of 
internal loss is demonstrated by equation (JO), which shows 
that the minimum nozzle area is obtained when the internal 
loss is reduced to a practical minimum. 

Effect of internal loss on efficiency . - The loss of 
propeller efficiency associated with the internal flow 
has been expressed by equation (20) in terms of the mass 
flow coefficient and correlated with the measured values 
of reference 1. when equation (27) is substituted for 
the mass-flow coefficient in equation (20), the loss of 
propeller efficiency due to the internal flow is shown 
directly related to the internal pressure loss, thus 


o J 2 
(trx) 2 +-fj- 


Ar) 


_ % ji % /(Trx) 2 + J 2 


D' 


2 C T 


APh 


+ 1 


l .N 



- 1 


+ 1 


(52) 


The first bracketed term in equation ( 52 ) shows that 
the efficiency loss increases as the internal pressure 
loss increases and as the nozzle effectiveness decreases, 
with perfect nozzle effectiveness and no internal pres- 
sure loss, there is no loss of efficiency associated with 
the internal flow. Equation (J 2 ) illustrates the impor- 
tance of reducing the internal pressure loss and of 
designing the tin nozzle for greatest effectiveness in 
producing jet propulsion. 


DISCUSSION 


Elimi n ation of density ratio from equation ( 26 ) . - 
The propelTer test data in reference 1, for the propeller 
with internal flow, present measured values of all quanti- 
ties in equation (26) necessary for calculating the 
internal pressure loss, except the density of thq flow at 
the nozzle. An estimate of App/q^ with a density ratio 

of unity assumed indicates that the internal loss con- 
sumes more than half of the energy available for moving 
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the Internal flow. Inasmuch as the mechanical energy- 
loss appears as heat in the internal flow, the air 
density at the nozzle must be reduced to an extent that 
cannot be Ignored. In appendix B an expression, equa- 
tion (33) , is derived for calculating Ap^/q N in which 

the density change is regarded as dependent upon APp/qjj 



Equation (33) is regarded as applicable only for internal 
flow systems similar to that treated in reference 1. A 
solution of equation (33) i° r Ap^/q^ is given in 

appendix B. 

Data selected from reference 1 for several different 
operating conditions are listed in table IV wi th the cor- 
responding values of App/qfj computed from equation (33)* 
Also listed are the computed density ratio and the 
nominal angle of attack of the propeller blade sections 
at the nozzle station. 

Effect of static pressure at nozzle exit .- It was 
assumed in deriving the expression for App/q N that the 

static pressure at the nozzle exit was equal to the 
atmospheric pressure in which the propeller was operating. 
If the exit pressure were appreciably lower than the 
atmospheric pressure, the calculated value of Ap^/q^ 

would be too small. At low values of advance ratio (large 
angle of attack), it might be exoected that greater 
nozzle-exit suction would exist than for high values of 
advance ratio (small angle of attack). If this effect 
were appreciable, the aerodynamic suction at the exit for 
low values of J \i>ould be manifest as lower internal 
loss. The measured variation of APf/q^ with nominal 
angle of attack, at fixed blade angle and rotational 
speed, is shown in table IV to be small and inconsistent. 
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which indicates that the static pressure at the nozzle 
exit did. not vary appreciably from atmospheric pressure 
and that the assumption made in this regard is justified. 

Effect of rotational speed . - Average values of 
APf/q^ at several values of rotational speed are shown 
in figure 8; the average variation with rotational speed 
of the density ratio (applicable to the data of refer- 
ence 1) is also shown in this figure. The internal pres- 
sure loss coefficient Apf/q^j (which is proportional to 

skin friction and turbulence losses) increases with 
increasing rotational speed. Because the Peynolds number 
of the internal flow increased with rotational speed, 
the variation of APf/q N with rotational speed might 
be explained as a viscous effect. Another possible cause 
for the variation of Ap^/q^ is compressibility of the 
air, but drag losses, in general, change abruptly when 
the cause is a compressibility effect. It is more 
probable, however, that the increase of Ap^/q^ with 

rotational speed is due to the ineffectiveness of the 
hollow propeller blades as a centrifugal impeller. 

The curve shown in figure 8 is for data taken during 
propeller tests at the constant rotational speed that is 
regarded as the best presented, in reference 1. Random 
points at various rotational speeds from tests at con- 
stant advance ratio are also plotted on this figure, but 
are regarded as inferior data. 

Jet efficiency . - The efficiency with which the jet 
from the tip nozzle propels the blade section at the 
nozzle station along its helical path is the ratio of 
thrust work (along the helical path) to the sum of thrust 
work and residual kinetic energy in the jet: 


% 


meVjjW 


meV N W + |m(W - 


which upon simplification becomes 


T) 


N 


(3k) 
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Equation (J>k) shows that the propulsive efficiency 
of the tip jets is greatest when perfect nozzle effective- 
ness (€ = 1.0) is achieved and when the jet velocity 
equals the section resultant velocity; that is, when 
the ejected internal flow remains motionless with respect 
to the atmosphere . The propulsive efficiency of the 
nozzle decreases when the jet velocity is either 

less than the resultant velocity, as is the case for the 
tests of reference 1, or greater, as might result from 
applying considerable pressure to mo ve the internal flow. 
If nozzles were formed by cutting off a portion of the 
propeller tips so that the internal flow would be 
ejected radially, all the energy used in pumping the 
internal flow through the blades would be lost; the 
nozzle effectiveness would be zero, and the jet-propulsive 
efficiency as shown by equation { jL. ) would be zero. 

By use of equations (lj.) and (lj) to express W and 
Vjj, respectively, the jet efficiency can be expressed in 

terms of the mass-flow coefficient 


'0 


N 


1 


1 + 




2 e 



c 


1 



( 35 ) 


or in terms of the internal pressure loss, from equa- 
tion (27), 
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Equation (35) I s generally applicable, but, because 
(Ap £./ ) is defined for the case when the pumping pressure 

for the internal flow is supplied only by the airspeed 
and propeller rotation, equation ( 36 ) does not apply when 
additional pressure is supplied to the internal flow by 
pump or blower. Equation ( 36 ) further emphasizes the 
desirability of reducing the Internal loss to a minimum. 

Effect of heat .- At least three general effects of 
heat added to the internal flow will probably be felt. 

The first, an aerodynamic effect of the added heat, is 
that an increase in pressure will be required to force 
a given mass flow through the internal system; or, with 
no change in the pumping facility, the mass flow will be 
less for the heated condition than for the cold. This 
phenomenon is the same as that encountered with heat 
exchangers in general and exists whether the heat is added 
through a heat exchanger or by direct combustion in the 
internal flow. The relation between the increased pres- 
sure required and the heat added is discussed in refer- 
ence 5* A second effect is inverse to that Just described; 
that is, in the region where heat Is being dissipated 
through the surface of the propeller blade to perform 
the de-icing task, less forcing pressure is required to 
move the internal flow when heated than would be required 
to move a cold internal flow from whi ch heat is not being 
dissipated. The two effects are partly compensating but, 
because the internal flow must be maintained at a fairly 
high temperature up to the time it is rejected through 
the tip nozzles, the net effect of the heating and cooling 
is either to require a net increase in forcing pressure, 
or to result in 'a slightly diminished mass flow. The 
third effect is that the elevated temperature at the 
nozzles results in a reduced density and increased velocity 
of the flow from the nozzles. 

One scheme worthy of consideration in connection 
with heating the internal flow is the conversion of some - 
of the heat into mechanical energy. The internal-flow 
system of a thermal de-icing propeller is basically 
similar to that of jet-propulsion engines; air taken from 
the free stream into the internal system is retarded 
wi th pressure increase, heated, accelerated, and rejected 
with an increased momentum which produces thrust. With 
a heated-air thermal de-icing propelleq it would be 
advantageous to add the heat at the point where the 
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internal flow is under greatest static pressure even 
though the elevated pressure is no more than total pres- 
sure. The result would be an increase in the nozzle jet 
propulsive effect and therefore at least a smaller loss 
in the propeller efficiency. 


CONCLUSIONS 


An analysis of the forces acting on a heated-air 
thermal de-icing propeller with and without internal flow 
indicates the following conclusions s 

1. The nozzle exit area should be the smallest that 
will discharge an internal flow sufficient for de-icing 
the propeller, for the following reasons: 

(a) The efficiency loss for the propeller with- 
out Internal flow is proportional to the nozzle exit 
area and nozzle drag coefficient. 

(b) By making the nozzle the section of greatest 
restriction in the internal-flow system, velocities 
elsewhere in the system may be made as small as 
feasible and the internal losses may be reduced to 

a practical minimum. 

(c) A further result is the highest attainable 
discharge velocity of the internal flow and con- 
sequent greatest propulsive effect from the nozzle 
jets . 

2. The efficiency loss that accompanies the admis- 
sion of the internal flow increases with: 

(a) The internal-mass flow, 

(b) The product of internal-mass flow and the 
effectiveness of the nozzle in ejecting the Internal 
flow downstream along the helical path of the nozzle. 

3* The energy expended during the induction and 
centrifugal pumping of the internal flow, if properly 
conserved within the internal system, can be partly 
regained as jet-propulsive effect by efficient rejection 
from the tip nozzle. In the ideal case the motion of 
the internal flow (without heat) would not create any 
loss. 
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ij.. The loss of propeller efficiency associated with 
the internal flow increases with the pressure loss in the 
internal system. 

5. For the propeller tested, more than one-half of 
the pressure available for forcing the internal flow 
through the propeller was required to overcome the pres- 
sure loss within the internal system. 

6. The internal pressure loss coefficient APf/q^ 
(which is proportional to skin friction and turbulence 
losses) increases with increasing rotational speed. 

7. In calculating the internal flow characteristics, 
the assumption that the static pressure at the nozzle 
exit was equal to the atmospheric pressure in which the 
propeller was operating was found to be justified for 
the propeller tested. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., May 7, I9I4.6 
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APPENDIX A 
SYMBOLS 


total nozzle exit area, sq ft 

nozzle external drag coefficient based on total 
nozzle area, A^ 

/ p 

power coefficient / — 

\ pn^D^ 


specific heat of air, Btu/slug/°F (c^ = 7*73) 


thrust coefficient 


(pn 2 ^) 


propeller diameter, ft 


drag on the propeller blades caused by the presence 
of the nozzles, lb 

force on propeller blades due to jet reaction at 
the nozzles, lb 

heat contained in the internal flow entering the 
propeller, Btu/sec 

heat dissipated through the propeller surface, 
Btu/sec 

propeller advance ratio V/nD 

mass flow through the internal system, slugs/sec 


coefficient of internal -mass flow 

propeller rotational speed, rps 
power, ft-lb/sec 
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p static pressure, Ib/sq ft 

p Q static pressure in metering orifice, lb/sq ft 
P a atmospheric pressure (barometric pressure), lb/sq ft 

Ap pressure change in metering orifice, lb/sq ft 
Up = p a - p 0 ) 

Ap^ equivalent pressure available for moving the flow 
through the internal system, lb/sq ft 

Ao f pressure loss across the internal -flow system, 
lb/sq ft 

Ap„ net pressure required to move the flow through the 
11 internal system, lb/sq ft 

Q torque, ft- lb 

q dynamic pressure, lb/sq ft 

q^ dynamic pressure at the nozzle, lb/sq ft N 2 ) 

r radius at any blade section, ft 

T propeller thrust, lb 

t static temperature of the air, °F abs. 

V velocity of advance, ft/sec 

Vjj velocity of air leaving nozzle, ft/sec 

W resultant air velocity, ft/sec 

x fraction of propeller tip radius 

a angle of attack, deg 

P blade angle, deg 

e nozzle effectiveness 
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propeller efficiency (without nozzles and internal 
flow) 

nozzle propulsive efficiency 


the terra 


(nD) 2 (ttx ) 2 + J 2 1 

1 + 

l 556 o p t 


the term ''- + ^ 

mass density of air, slugs/cu ft 

mass density of internal flow at the nozzle, 
slugs/cu ft 

angular velocity, radians/sec 
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APPENDIX B 


ELIMINATION OP DENSITY RATIO FROM EQUATION (26) 


If the energy in the internal flow consumed hy pres 
sure loss appears as heat in the flow, if none of the 
heat is transferred from the flow, and if the static 
pressure at the nozzle is equal to that of the free-air 
stream, the air density at the nozzle can be evaluated 
in terms of the internal pressure loss and eliminated 
from equation (26). 

The power that goes into heat in the internal flow 
is 


Energy per second = 


m 

2 


( rrnDx ) 2 + V 2 



and, since 



m„ 



nD 


Energy per 


second = 


m(nD) 


2 


2 


(rrx ) 2 + J 2 - (m c 


Prom equation (27) 



(rrx ) 2 + J 2 
Ap 


—1 

UN 


+ 1 


Therefore 


Energy per second 



foot-pounds/second 
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Expressed in heat units the 
generation becomes 


778 Btu per second 


m(np) 


2 


2 


The static temperature 
heat generated by losses in 


foregoing rate of heat 



rise At resulting from the 
the internal flow is 


_ (Btu per second) 


me- 


where Cp = 7*75 is the specific heat of air in Btu per 
slug per °F. The temperature rise thus becomes 


At 


(nP) 2 

l556c p 


(ttx ) 2 + J 2 


Ap f 

q N 



1 


( 57 ) 


If equal static pressures are assumed for the 
external end internal flows, the ratio of free -stream 
air density to density of the internal flow at the 
nozzle is inverse to the ratio of the absolute tempera- 
txxres 


P N 



where t is the free-stream absolute temperature. If 
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equation (37) is used to express the temperature rise 
due to internal losses, the density ratio becomes 



1 + 


(nD) 2 

15 5 6 Opt 



Ap f 


Ap f 

*7 


+ 1 


Equation (27) can be rewritten; 




When the two foregoing expressions for density 
ratio are equated, the resulting expression relates the 
internal pressure loss to advance ratio, rotational 
speed, mass-flow coefficient, and free-stream tempera- 
ture (quantities which v/ere measured during the tests 
reported in reference 1); 



(equation (33)) 


Equation (33) can be solved for an explicit expres- 
sion of the internal pressure loss, as follows; 


Ap< 


T 2 - 2\ 


l N 


2X C 


± 


T 

X 
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where 


(7T.X)‘ 


J 2 
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APPENDIX C 

CALCULATION OF AIR DENSITY AT THE NOZZLE 


If, as has been assumed throughout this analysis, 
the static pressure at the nozzle is the same as that of 
the atmosphere in which the airplane is flying, the 
relation between air density and temperature is 


% _ t 
P t + At 

where t is the ambient temperature and At is the 
temperature difference between air at the nozzle and 
atmospheric air. The temperature elevation due to 
residual heat in the heated internal flow is 


H 7 


H- 


D 


mo 


P 


where H T is the rate ( Btu per second) at which heat con- 
tained in the internal flow enters the propeller and H-q 

the rate at which heat is dissipated through the propeller 
blade surface for de-icing. The temperature rise due to 
the heat generated by the internal pressure loss is shown 
in equation (57) to be 


(nD) 2 

1556 % 




Apf 

q N 


The temperature elevation of the internal flow at the 
nozzle due to added heat and internal losses is 


H t - H 


D 


me... 


(np) 2 

1556 o p 


(ttx ) 2 + 



JLn. 



1 


At = 



ho 
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Equation (28) gives the relation 

Ap ■£ 

ip = 

APf + x " AP A 


Combining the two foregoing equations and using equa- 
tion ( 2l|.) to express the pressure available Ap A gives 
the expression for the total temperature rise 


At 


H I ~ H P Apf 

”°p + 778 o p p n 


The air density at the nozzle, therefore, becomes 



Transposing gives 


and 


P M 



Ap. 


77Sc b 


= tp 




Ap f 

778 opt 

% - gp 

m° p t 


(equation ( 31 )) 
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TABLE I 

COMPUTATION OF EFFICIENCY LOSS DUE TO 
NOZZLE DRAG AT PEAK EFFICIENCY 



0.00903 sq.ft; D = 12.208 ft; 
Cn - 1.28 (assumed) 


X 
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1±2-Inch 

radius 

(deg) 
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(a) 

U 

( normal 
propeller) 

( a) 
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(h) 
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( computed 
from 
equation 
(?» 

B 

( tip 
no zzle 
without 
flow) 
(c) 

-Au 

(measured) 
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2.77 

.779 
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1 

.0079 

.773 

.006 
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Figure I4, reference 1 . 
b Fi gure 13, reference 1 . 
c FIgure 17 , reference 1 . 
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TABLE IV 


COMPUTATION OP INTERNAL PRESSURE LOSS 






















TABLE IV - Concluded 


COMPUTATION OF INTERNAL PRESSURE LOSS - Concluded 
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Figure Z.- A diagram of velocities and forces 
associated with the nozzle drag. 
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Fig. 3 
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A diagram of the velocities and 
forces associated with the jet 
propulsion due to f/ow from the 
nozzle. 
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Fig. 5 
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Figure S . - Propeller efficiency loss of peak efficiency due to 
interna! flow. 



Figure 6.- Propeller efficiency loss at peak efficiency 
effect of nozzle drag anaf /n/erna/ f/ow- 
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Fig. 7 
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Figure 7 - Variation of dynamic pressure ratio with impact pressure ratio. 





